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Dear  Ed, 

During  the  past  two  years,  we  have 
of  simple,  rapid  methods  for  the  analysis  of  trace  metals  in 
seawater  while  or\33oard  ship^”'*  44^,  have  ’alsc^  continued  to  develop 
our  capabilities  for  analyses  of  dissolved  chemicals  in  situ. 
Previous  work  performed  with  support  from  ONR  resulted  in  the 
development  of  methods  for  the  determination  of  cobalt  and  copper 
in  seawater.  These  analyses  were  performed  using  the  technique 
of  flow  injection  analysis  with  chemiluminescence  detection.  In 
the  period  from  October  1988  to  the  present,  we  have  extended 
this  work  by  developing  analytical  techniques  for  the 
determination  of  manganese  and  iron  in  seawater. 


I 

^^rked  on  the  development 


"We  have  developed  a  method  for  the  determination  of 
manganese  that  is  based  on  its  catalysis  of  the  oxidation  of 
7,7,8,8-tetracyanoquinodimethan.  The  chemiluminescence  produced 
by  this  reaction  allows  us  to  detect  manganese  at  concentrations 
down  to  0.1  nM  with  no  significant  interferences  in  seawater. 

Each  analysis  requires  only  6  minutes  and  is  completely 
automated.':^  The  results  obtained  with  this  technique  are 
indistinguishable  from  those  obtained  by  preconcentration  and 
graphite  furnace  atomic  absorption  spectrometry  (Figure  1) .  We 
i  ^  'hav^used  this  method  to  study  manganese  geochemistry  in  the 
coastal  zone  and  in  deep-sea  hydrothermal  vent  plumes. 7  We  are 
also  completing  the  development  of  a  method  for  the  determination 
of  iron  in  seawater. 


The  ^idation  of  brilliant  sulfoflavine  in  the  presence  of 
iron (II)  i^enerates  chemiluminescence,  which  can  be  used  to 
determine  iron  concentrations  to  concentrations  of  at  least  0.3 
iiM.  -J’urther  work  to  reduce  a  persistent  blank  at  this  level 
bhould  lower  the  detection  limit.  This  technique  allows  the 
determination  of  iron  redox  speciation  because  the  method  is 
selective ^only  for  iron(ll) Total  iron  concentrations  can  be 
obtained 'T3y'}'5theTaddition-o<!> ascorbic  acid  to  samples,  which 
results  in  the  rapid  reduction  of  Iron(III).  This  method  was 
used  to  determine  iron  redox  speciation  in  hydrothermal  vent 
plumes  with  great  success  on  a  cruise  to  the  Juan  de  Fuca  Ridge  .  '  ' 
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area  in  August,  1989  (Figure  2) . 

Analytical  techniques  that  were  developed  in  our  laboratory 
for  cobalt,  copper,  and  hydrogen  peroxide  analyses  were  used  in 
studies  of  the  biogeochemical  processes  that  regulate  these 
chemicals  in  the  ocean.  The  results  of  these  investigations  were 
published  during  this  reporting  period.  This  work  included  a 
study  of  trace  metal  cycles  in  a  basin  the  Southern  California 
Borderland  (Johnson  et  al.,  1988)  and  the  photochemistry  of 
hydrogen  peroxide  and  nutrients  in  the  Mediterranean  Sea  (Johnson 
et  al.,  1989;  Lohrenz  et  al.,  1988). 

We  have  completed  the  development  of  an  upgraded  submersible 
chemical  analyzer  (Scanner)  systems  during  this  period.  The 
system  have  been  tested  at  sea  and  a  manuscript  describing  the 
results  has  been  submitted  (Johnson  et  al.,  1989).  The 
instrument  is  capable  of  resolving  small  features  (<  5  m)  at 
lowering  rates  up  to  40  m  min'^  with  high  precision  (relative 
standard  deviation  of  >1%) .  Continued  development  of  the  system 
has  resulted  in  an  instrument  that  is  substantially  easier  to 
operate  and  more  reliable  than  earlier  versions.  The  upgraded 
Scanner  was  also  used  to  make  continuous  measurements  of 
manganese  and  iron  distributions  in  hydrothermal  vent  plumes 
(Figure  3) . 

Finally,  we  have  developed  a  simple  method  for  the 
generation  of  numerical  models  of  biogeochemical  cycling  in  the 
ocean.  This  involves  the  use  of  electronic  spreadsheet  programs 
such  as  Lotus  1-2-3  to  program  the  differential  equations  for  the 
time-dependent  differential  equation  for  advection-dif fusion- 
reaction  models.  A  numerical  model  for  the  distribution  of 
manganese  along  the  VERTEX  east-west  transect  was  developed. 

This  model  allows  the  manganese  concentrations  to  be  predicted  to 
within  25%  over  a  3000  km  long  section  (Figure  4) .  The  inputs  to 
the  model  are  the  rates  of  manganese  input  or  removal  due  to 
eolian  deposition,  phytoplankton  uptake,  organic  carbon 
regeneration,  scavenging  onto  sinking  particles  and  rates  of 
mixing  and  advection. 

We  intend  to  keep  working  along  similar  lines  over  the  next 
year.  This  will  include  participation  in  the  Martin/Duce  cruise 
across  the  equator,  where  we  will  use  these  methods  to  make 
continuous  measurements  of  iron,  cobalt  and  manganese  in  the 
water  column  and  in  solar  incubation  experiments. 


Kenneth  S.  Johnson 

Professor  of  Chemical  Oceanography 

Enclosures:  Reference  List 
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Figures 

Figure  1.  The  concentration  of  dissolved  manganese  determined  on 
board  ship  100  km  off  the  California  coast  (36*  25'N;  123*  07 'W) 
by  FIA-CL.  The  profile  of  dissolved  manganese  determined  5  years 
previously  at  the  nearby  VERTEX  station  1  (35.8*N;  122. 6 *W)  is 
shown  for  comparison  (Martin  et  al.,  1985). 

Figure  2.  Dissolved  iron  (II)  concentrations  plotted  versus 
total  (II  +  III)  dissolved  iron  concentrations  in  the  same 
samples  from  hydrothermal  plumes  on  the  Juan  de  Fuca  Ridge.  Note 
that  at  high  concentrations  (A)  the  increase  in  iron  is 
essentially  all  in  the  +II  oxidation  state  (except  for  two 
anomalous  samples) ,  while  at  low  concentrations  (B)  most  of  the 
iron  is  in  the  +III  state. 

Figure  3.  Contoured  sections  of  dissolved  manganese  (A)  and 
temperature  anomaly  (B)  measured  on  a  vertical  tow  of  a  rosette 
equipped  with  a  CTD-transmissometer-Scanner  package  through  a 
vent  plume  on  the  Juan  de  Fuca  Ridge.  The  contour  interval  for 
Mn  is  20  nM  to  a  maximum  of  220  nM  and  the  interval  for 
temperature  is  0.01*C  to  a  maximum  of  0.08*C.  The  time  axis  is 
in  units  of  5  seconds.  The  total  elapsed  time  was  5.5  hours  and 
the  package  was  towed  a  distance  of  12  km  across  the  ridge  crest 
during  this  time.  The  dotted  line  shows  the  tow  path  of  the 
rosette  package. 

Figure  4.  The  distribution  of  dissolved  manganese  measured  (A) 
along  the  east-west  VERTEX  transect  (Martin  et  al.,  1985)  and  the 
concentrations  calculated  with  a  numerical  for  two  limiting 
cases.  In  (B)  the  manganese  maximum  at  700  m  is  produced  by  a 
flux  from  margin  sediments.  In  (C)  the  manganese  maximum  is 
produced  by  a  decrease  in  the  scavenging  rate  in  the  oxygen 
minimum  and  there  is  no  flux  from  the  sediments. 

Figure  11.  Dissolved  iron  concentrations  versus  the 
concentration  of  suspended  particulate  matter  in  the  samples  at 
stations  over  the  continental  shelf  from  Monterey  Bay  to  Pt. 

Arena  (Martin  and  Gordon,  1988) . 
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Continuous  determination  of  nitrate  ironcentrations  in  situ 

Kenneth  S.  Johnson, ‘t  Carole  M.  SAKAMOTo-ARNOLot  and  Carl  L.  Beehler^ 

(Received  11  Jmuary  1989;  m  revised  form  26  April  1989;  accepted  16  May  1989) 


Abslnet— A  submersible  chemica)  analyser  (Scanner)  was  used  to  measure  nitrate  concentra¬ 
tions  in  situ  to  depths  of  nearly  2000  m.  Nitrate  anomalies  with  a  vertical  span  of  5  m  can  be 
detected  at  lowering  rates  up  to  40  m  min~'.  The  nitrate  concentrations  measured  in  situ  are  in 
good  agreement  with  hydrographic  data  collected  by  conventional  means  at  the  same  location. 
The  relative  standard  deviation  of  the  analyses  performed  in  situ  is  ±0.79%.  The  method  can  be 
easily  extended  to  most  other  colorimetric  analyses. 


INTRODUCTION 

The  widespread  availability  of  continuous  profiling  instruments  for  physical  and  biologi' 
cal  properties  (conductivity,  temperature,  pressure,  pigment  fluorescence  and  light 
transmission)  has  radically  changed  our  understanding  of  oceanographic  processes. 
However,  instruments  capable  of  continuously  measuring  the  concentrations  of  dissolved 
chemicals  have  not  been  widely  available.  Only  electrochemical  sensors  for  in  situ 
measurements  of  dissolved  oxygen  and  pH  have  been  developed  (Foyn,  1965;  Ben- 
Yaakov  and  Kaplan,  1968).  Measurements  made  with  these  electrochemical  sensors 
have  shown  small-scale  structure  (e.g.  Ben-Yaakov  and  Kaplan,  1968;  Kester  ri  a/., 
1973)  that  would  be  missed  by  conventional  hydrographic  sampling  techniques.  These 
variations  in  pH  and  oxygen  reflect  the  variety  of  physical,  chemical  and  biological 
processes  that  occur  in  the  ocean.  Instruments  that  measure  dissolved  nutrient  and  trace 
chemical  concentrations  in  situ  with  high  resolution  could  be  applied  to  the  study  of  a 
broad  range  of  oceanographic  processes.  Such  uses  might  include  studies  of  chemical 
fluxes  through  the  water  column  and  from  sediments,  chemical  transformations,  factors 
regulating  primary  production  and  ocean  circulation. 

Our  laboratory  has  recently  developed  a  submersible  chemical  analyser  (Scanner)  that 
is  capable  of  measuring  dissolved  chemical  concentrations  in  situ  by  colorimetric  analysis 
(Johnson  et  al. ,  1986a,  1988).  The  Scanner  uses  anomsegmented  continuous  flow  analysis 
manifold  to  collect  the  sample,  add  the  reagents  and  deliver  the  analyte  species  to  the 
detector. 

The  purpose  of  the  work  described  here  was  to  test  the  utility  of  the  Scanner  for 
measuring  dissolved  chemical  concentrations  in  the  upper  ocean.  We  report  results  for 
vertical  profiles  of  the  concentrations  of  the  micronutrient  compound  nitrate.  We  have 


*  Mots  Landing  Marine  Laboratories,  P.O.  Box  4S0,  Mots  Landing,  CA  9S039,  U.S.A. 
t  Monterey  Bay  Aquarium  Retearcb  Institute.  160  Central  Avenue,  Padfic  Grove,  CA  939S0,  U.S.A. 
t  Mariiie  Science  Institute,  Univenity  of  Califoniia,  Santa  Barbara,  CA  93106,  U.S.A. 
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focused  our  work  on  nitrate  because  of  the  important  function  this  chemical  has  in 
controlling  oceanic  primary  production  on  short  time  scales. 

METHODS 

Apparatus 

Sea  tests  were  conducted  in  the  Southern  California  Bight  aboard  the  R.V.  Pt.  Sur. 
The  Scanner  design  and  components  have  been  previously  described  by  Johnson  et  al. 
(1986b).  Several  modifications  were  made  to  increase  the  reliability  of  the  Scanner.  The 
two  most  important  changes  are  a  new  motor  for  the  peristaltic  pump  and  the  addition  of 
a  third  standard  selection  valve.  The  extra  valve  allows  three  standard  solutions  to  be 
analysed  in  situ  so  that  non-linearity  in  standard  curves  can  be  assessed.  The  pump 
motor  was  replaced  with  a  digital  stepper  motor  (Digital  Motors,  Inc.,  HY-200-3450) 
driven  by  a  microstep  controller  (Ceotent  Co.,  CN0142).  The  stepper  motor  and  the 
standard  selection  valves  were  pressure  compensated  using  a  fluorocarbon  liquid 
(Dupont,  Fluorinert  FC-43).  This  system  does  not  suffer  from  the  arcing  problems  that 
plague  conventional  DC  brush  motors  that  are  operated  in  a  liquid  environment.  The 
Scanner  was  powered  by  a  battery  consisting  of  12  Gates  (0820-0004)  lead-acid  cells.  This 
battery  provided  enough  power  for  more  than  24  h  of  continuous  operation  at  a  typical 
currenfof  0.5  A  and  24  V.  A  Seabird  SB-4  CTD  was  attached  to  the  Scanner  frame  to 
determine  salinity,  temperature  and  depth. 

The  concentration  of  nitrate  was  determined  by  the  conventional  technique  of 
reducing  nitrate  to  nitrite  with  a  cadmium  column  and  measuring  the  nitrite  as  an  azo 
dye.  No  attempt  was  made  to  correct  for  nitrite  concentrations  and  the  values  reported 
therefore  correspond  to  nitrate  +  nitrite.  The  reagents  were  prepared  as  described  by 
Johnson  and  Petty  (1983),  except  that  imidazole  (0.1  M  imidazole  and  12  mM  CUSO4) 
was  used  as  the  buffering  agent  and  the  cadmium  was  band  filed  from  sticks  of  the  pure 
metal.  The  coarse,  hand-filed  cadmium  allowed  a  longer  column  (3  cm)  to  be  used.  The 
reduction  efficiency  was  constant  for  week-long  periods  of  time.  The  reaction  manifold 
for  the  nitrate  analysis  is  shown  in  Fig.  1.  The  lag  time  for  water  to  flow  from  the  inlet  to 
the  detector  was  65  s.  A  low  dead-volume,  polypropylene  filter  (AUtecb  no.  32171)  was 
placed  on  the  sample  inlet  to  prevent  clogging  by  gelatinous  material  in  the  water 
column. 

Nitrate  concentrations  were  also  measured  in  samples  collected  from  5  liter  Niskin 
bottles  suspended  on  a  rosette.  These  discrete  samples  were  frozen  and  returned  to  the 


Fig.  1.  Flow  manifold  for  the  detennina  JoD  of  nitrsie.  Numben  refer  to  the  length  (cm)  of  the 
0.8  mm  i.d.  teflon  tubing  used  to  constnict  the  manifold.  CD  it  the  cadmium  column  and  D  is  the 

colotimetiic  detector. 
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Fig.  2.  Analyses  of  nitrate  standards  (low  nutrient  seawater  blank,  blank  +20  NO)  and 
blank  -f40  ^  NOj)  performed  near  a  depth  of  1800  m.  The  dip  after  the  analysis  of  the  high 
standard  is  an  artifact  caused  by  the  presence  of  a  small  amount  of  blank  solution  that  remains  in 
the  sample  line.  This  small  volume  of  blank  is  rapidly  flushed  from  the  system  and  after  that  time 
undiluted  sample  passes  through  the  detector. 

laboratory  where  they  were  analysed  by  flow  injection  analysis  (Johnson  and  Petty, 
1983). 

Instrument  calibration 

Three  standard  solutions  prepared  in  low  nutrient  surface  seawater  (+0,  +20  and 
+40  pM)  were  analysed  in  situ  every  24  min  to  calibrate  the  Scanner.  Each  solution  was 
drawn  into  the  analytical  manifold  for  a  1  min  period,  which  resulted  in  a  15-20  s  long 
plateau  in  the  detector  output  (Fig.  2).  These  calibrations  were  used  to  assess  the  effects 
of  temperature  and  pressure  on  the  extent  of  reaction  in  the  flow  system  (Johnson  et  al. , 
1986b)  and  to  compensate  for  instrumental  drift.  Temperature  and  pressure  can 
influence  the  results  by  changing  rates  of  reaction  (Johnson  etal. ,  1986b).  Most  analytical 
reactions  do  not  go  to  completion  in  a  flow  injection  system  and  a  change  in  reaction 
tates  will  alter  the  amount  of  color  that  is  formed,  llie  absorbances  of  the  nitrate 
standards  were  independent  of  the  temperature  and  pressure  changes.  Apparently,  this 
reaction  is  complete  in  the  time  it  takes  for  the  sample  and  reagent  mixture  to  reach  the 
detectors.  This  is  not  true  for  other  chemical  analyses  that  we  have  performed  using  the 
Scanner  (Johnson  et  al. ,  1986b). 

Detector  voltages  were  digitized  and  stored  every  5  s.  The  data  were  processed 
through  three  steps  before  the  final  concentrations  were  obtained.  First,  raw  detector 
voltages,  which  are  proportional  to  light  transmittance,  were  converted  to  absorbance 
values  and  time  shifted  to  correct  for  the  lag  in  the  response  of  each  channel.  Second,  a 
calibration  curve  was  fitted  to  each  set  of  standard  absorbances  and  concentrations. 
A  linear  fit  was  found  to  be  adequate.  Finally,  sample  concentrations  were  calculated 
from  the  absorbance  values  using  a  linear  interpolation  between  the  two  most  recent 
calibration  curves.  The  final  concentrations  reported  here  were  not  smoothed. 

RESULTS  AND  DISCUSSION 

Vertical  profiles  of  nitrate  were  determined  in  Santa  Cruz  Basin  in  the  Southern 
California  Bight.  This  basin  is  isothermal  from  its  sill  depth  of  1050  m  to  the  bottom  near 
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1900  m.  Oxygen  concentrations  are  sufficiently  high  in  the  basin  that  little  or  no  nitrate 
reduction  can  occur  in  the  water  column.  As  a  result,  the  subsill  waters  have  a  uniform 
nitrate  concentration.  Measurements  below  the  sill  depth  should,  therefore,  give  a  good 
indication  of  the  precision  of  the  analyses. 

The  Scanner  was  lowered  and  raised  at  a  rate  of  20  m  min~’  in  the  upper  200  m  of  the 
water  column  and  at  40  m  min'  ’  below  that.  The  nitrate  profiles  that  were  obtained 
(Figs  3  and  4)  show  the  trends  expected  for  typical  nutrient  distributions  in  the  ocean: 
lowest  values  occurred  near  the  surface,  nitrate  increased  rapidly  through  the  thermo- 
cline  and  concentrations  increased  slowly  with  depth  below  the  thermocline.  Nitrate 
concentrations  at  the  surface  ranged  from  1  to  5  pM  during  the  time  we  occupied  the 
station.  Upwelling  was  presumably  occurring  in  the  vicinity  as  surface  nitrate  concentra¬ 
tions  were  as  high  as  13  pM  at  some  locations.  As  expected,  the  concentrations  measured 
below  the  sill  depth  are  constant  (43.0  ±  0.3  pM,  1  S.D.,  n  =  S66),  and  nearly  identical 
values  were  found  on  both  the  down-  and  up-casts  (down,  43.1  ±  0.3  pM;  up,  42.9  ± 
0.4  pM). 

The  nitrate  concentrations  determined  in  situ  showed  the  same  trend  as  the  values 
determined  on  samples  collected  from  a  conventional  hydrographic  cast  (Fig.  3).  The 
two  sets  of  data  were  offset  throughout  the  profile,  however.  The  difference  (39.7  ± 
0.9  pM,  n  =  10  vs  43.0  ±  0.3  pM,  n  =  566)  is  significant  in  the  subsiU  waters.  A 
calibration  error  must  be  present  in  one  or  both  sets  of  data.  Previous  analyses  of  nitrate 
in  the  subsill  waters  of  Santa  Cruz  Basin  have  ranged  from  39  to  41  pM  (Berelson, 
1985).  It  is  not  clear,  therefore,  in  which  set  of  data  the  error  lies. 

The  upper  100  m  of  the  profiles  are  shown  in  Fig.  4.  The  spike  near  the  surface  in  the 
nitrate  data  on  the  down-cast  was  presumably  an  artifact  due  to  the  passage  of  a  small  air 
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Hg.  3.  Vertical  profiles  of  nitrate  and  temperature  measured  in  the  Santa  Cruz  Basin 
(33*39.1N,  119^2.8W,  6  June  1988).  Analyses  of  standard  solutions  are  marked  STD  and  shown 
by  a  dashed  line.  Nitrate  oonoeatrations  measured  in  samples  ooUected  from  Niskin  bottles  at  the 
tame  location  are  shown  as  diamonds.  Both  the  up-  and  down-casts  are  shown. 
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Fig.  4.  Surface  nitrate  and  temperature  data  from  Hg.  3  {dotted  vs  depth. 


bubble  through  the  flow  cell.  Similar  spikes  were  found  in  many  of  our  early  profiles  on 
this  cruise.  These  can  be  eliminated  by  making  a  shallow  lowering  to  20  m  to  dissolve  air 
bubbles  adhering  to  the  manifold  tubing  and  the  reagent  containers,  and  then  returning 
the  instrument  to  the  surface  to  begin  the  cast.  They  are  rarely  seen  on  up-casts. 

The  nitrate  data  must  be  corrected  for  the  relatively  long  lag  time  that  occurs  as  the 
sample  flows  from  the  inlet  to  the  detector.  If  the  lag  time  is  not  adjusted  for  properly, 
then  large  offsets  result  between  up-  and  down-cast  data  when  the  nitrate  data  is  plotted 
vs  temperature,  especially  in  areas  with  large  gradients.  The  lag  time  for  the  nitrate 
channel  was  determined  in  two  ways.  The  simplest  approach  was  to  measure  the  time 
required  for  a  bubble  to  flow  from  the  inlet  to  the  detector.  The  lag  time  was  also 
determined  empirically  by  adjusting  the  offwt  between  nitrate  and  temperature  until  the 
up-  and  down-casts  agreed  as  closely  as  possible  when  nitrate  was  plotted  vs  temperature. 
The  same  estimate  of  the  lag  time  s)  was  obtained  by  both  meftods.  Plots  of  nitrate  vs 
temperature  for  both  the  down-  and  up-casts  do  not  overlap  exactly,  even  when  the  lag 
time  is  adjusted  to  minimize  the  differences  (Fig.  S).  Similar  differences  in  the  salinity  vs 
temperature  plots  (Fig.  5)  suggest  that  the  offsets  are  real. 

Mixing  of  the  sample  within  the  reaction  manifold  will  occur  to  some  extent  during  the 
65  s  required  for  the  sample  to  flow  from  the  inlet  to  the  detector.  This  mixing  limits  the 
vertical  resolution  of  chemical  structure  that  can  be  achieved.  The  effects  of  this  mixing 
on  the  response  rate  of  the  instrument  can  be  assessed  from  the  ngnal  diange  that  was 
observed  during  the  analysis  of  standards.  The  valves  that  were  used  to  switch  between 
samples  and  standards  were  placed  in  the  manifold  as  dose  to  the  sample  inlet  as 
possible.  The  standards  were  exposed  to  essentially  Ae  same  flow  regime  as  were  the 
samples.  Switching  the  valves  therefore  had  an  effect  that  was  equivalent  to  a  step 
increase  or  decrease  in  concentration  at  the  sample  inlet.  A  standi  curve  that  was 
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Fig.  S.  Nitrate  and  salinity  plotted  vs  temperature  for  the  down-  and  up-casts. 


obtained  in  situ  is  shown  in  detail  in  Fig.  2.  Plots  of  the  logarithm  of  nitrate  vs  time  are 
nearly  linear  during  the  period  when  the  concentration  is  changing,  with  the  exception  of 
the  first  1  or  2  data  points.  Linear  regressions  of  the  logarithm  of  the  nitrate  concentra¬ 
tion  vs  time  for  each  of  the  three  step  changes  in  concentration  shown  in  Fig.  2  gave 
slopes  from  0.1  to  0.12  s~^.  Eight  to  10  s  (1/slope)  are  required  for  the  detector  to  sense  a 
concentration  change  corresponding  to  (1-1/e)  of  the  step  change  and  34-40  s  are 
required  for  the  detector  response  to  reach  98%  of  the  steady-state  value.  Eight  seconds 
correspond  to  5  m  at  a  lowering  rate  of  40  m  min'*  and  features  on  this  scale  should  be 
detectable,  but  not  fully  resolved. 

The  data  obtained  as  the  Scanner  passed  through  the  thermodine  confirm  the  re^nse 
rate  of  the  nitrate  analyses.  The  temperature  drop  in  the  thermodine  was  2X  from  18  to 
28  m  and  30  s  were  required  to  lower  the  instrument  through  this  depth  range  at  20  m 
min'*.  The  nitrate  profile  through  the  thermodine  was  very  similar  to  that  observed  for 
temperature.  However,  the  increase  in  nitrate  concentrations  from  2  |iM  in  the  surface 
layer  on  the  up-cast  to  22  pM  below  the  thermodine  was  spread  over  a  distance  of  16  m 
or  a  time  of  48  s.  This  is  larger  than  the  minimum  time  of  34-40  s  that  would  be  required 
to  fully  resolve  the  nitradine  if  it  were  a  vertical  step.  The  extra  few  seconds  requi^  to 


Nitrate  concentratioiis  in  sou 


1413 


I  •  - 

resolve  the  nitrate  increase  were  probably  due  to  the  fact  that  the  concentration  change 
was  not  a  step  function. 

Close  inspection  of  the  nitrate  data  on  the  down-cast  shows  that  the  concentration 
began  to  increase  before  the  temperature  as  the  instrument  entered  the  thermocUne 
(Fig.  4).  Again,  this  is  probably  an  artifact  due  to  mixing  in  the  reaction  manifold.  Flow 
velocities  in  the  center  of  the  capillary  tubing  are  approximately  two  times  the  mean 
velocity  (Ruzicka  and  Hansen,  1988).  There  is  a  potential  for  hi^  nitrate  water  that  is 
sampled  as  the  system  moves  down  into  the  thermocUne  to  be  mixed  with  low  nitrate 
water  further  ahead  in  an  analytical  system.  Thus  the  system  can  have  both  a  memory 
effect  due  to  samples  lagging  behind  in  the  reaction  manifold  and  also  an  “anticipation” 
of  the  concentrations  to  come  over  the  next  65  s  if  some  of  the  sample  entering  the  inlet 
is  rapidly  mixed  forward  to  combine  with  the  bulk  of  the  sample  nearing  the  detector. 
These  effects  tend  to  be  minimized  by  the  small  diameter  of  the  manifold  tubing 
(Ruzicka  and  Hansen,  1988),  but  they  are  not  eliminated. 

CONCLUSION 

Nitrate  concentrations  can  be  measured  in  situ  through  steep  temperature  and 
chemical  gradients  with  a  relatively  simple  continuous  flow  analyser.  Although  the 
system  cannot  provide  as  great  a  resolution  of  vertical  nitrate  structure  as  can  tempera¬ 
ture  or  conductivity  sensors,  the  vertical  extent  of  the  nitracUne  was  probably  resolved  to 
within  about  5  or  6  m.  Improved  vertical  resolution  can  be  obtained  at  slower  lowering 
rates.  As  our  experience  with  instruments  of  this  type  grows,  we  can  expect  that  the 
performance  wiU  exceed  the  limits  described  here.  In  addition,  it  will  be  feasible  to 
analyse  an  even  greater  variety  of  chemical  species  than  are  described  here  (e.g.  Johnson 
etai,  1986b). 
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AXritl  llydroieji  perabde,  aiaomitrientt.  cfeloropbyll,  primuy  productioB  tad  lifbt  were 
Beamted  at  a  tenet  of  lUtioiit  ia  the  wceten  Medhetnaean  Sea.  HyiboieD  perande  ooDoentn- 
tkMw  greater  thaa  100  amol  T*  were  fooad  ia  thit  legioa.  Itec  wat  a  tigaificaat  lelationtliip 
betweea  hydfogea  peroebde  nd  ptiaiaiy  productioa  rates  near  the  tarftoe  where  the  hgbt 
iateiitity  wat  hijh.  lidt  liak  betweea  bydrogn  peroobde  Mid  biological  aetivity  nay  have  retailed 
ftom  pbotoehenieilly  reactive  orgaaic  oompoundt  that  were  eitreied  duriag  photaeyadieait  or 
from  the  direct  biolqiical  pnMhu^OB  of  hydrogca  peroiide.  Elevated  coaceatratioBt  were  not 
found  in  the  deep  chlorophyU  maziBUB  however,  which  mdiratre  that  high  light  iateatitiet  are 
Mcettary  for  biogenic  hydrogen  pertaide  productioa  ia  this  area.  Hydnyen  pMoaade  cooccatra- 
txnt  decreaaed  Buch  Bore  slowly  with  depth  than  did  Sght.  IV  decoupling  of  light  and 
hydrogen  peronde  Butl  have  beea  due  to  a  com  hint tioo  of  a  tiow  decay  rate  and  rapid  vertical 
transport.  However,  thnple  calodationt  indicate  that  eddy  diffusion  atone  could  not  have 
transported  enough  hydro^  perozide  to  produce  the  efieett  that  were  teen.  Large  anoBabet  in 
the  concentration  pnifUet  that  were  deteMed  in  frontal  regiont  indicate  that  hyefaiogen  perozide 
CHI  be  a  useful  tracer  of  vertical  transport  in  the  upper  ocean.  The  size  of  the  anonialiet  appears 
to  be  coupled  to  the  salinity  gradient  aeroB  the  front,  which  drives  the  frontal  drculation. 


INTRODUCTION 

Hydrogen  peroxide  is  an  ubiquitous  component  of  the  surface  waters  in  temperate  and 
tropical  oceans.  It  has  been  found  in  the  Gulf  of  Mexico  (Van  Baalen  and  Marler, 
19M;  Zka  ef  a/. ,  198Sa),  Atlantic  (Cooper  et  al. ,  1967)  and  Pacific  (21ika  ef  ai. ,  198Sb; 
Johnson  ef  al.,  1988)  Oceans  and  in  the  Mediterranean  Sea  (Johnson  ef  al.,  1988). 
Concentrations  measured  at  the  surface  range  from  10  to  300  nmol  T*.  Its  concentration 
decreases  at  a  near  exponential  rate  with  dq>th  and  is  usually  undetectable  below  150  m. 
Oceanografdiic  distributioiis  of  hjrdrogen  peroxide  and  laboratory  experiments 
indicate  tlmt  it  is  produced  by  jdimoGbemical  reactions  involving  du^lved  organic 
oonqxiunds.  The  ooncentratioo  increases  Nearly  with  the  solar  flux  and  the  rate  of 
increase  is  greatest  in  water  with  a  high  dissolved  organic  matter  (DOM)  concen¬ 
tration  (Mopper  and  Zixa,  1987;  Petasne  and  Zika,  1987).  Its  presence  in  the  water 
otdumn  also  may  be  coupled  directly  to  the  biological  cyde  (Palenk  et  al.,  1987;  Zepp 
et  al.,  1987).  Photoreqiiration  algae  at  high  light  intensities  results  in  intracellu- 
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lar  hydrogen  peroxide  production  (Harris,  1979;  Ogren,  1984)  that  may  “leak”  into  the 
water  column.  In  addition,  biogenic  compounds  present  in  seawater  can  act  as  photo¬ 
sensitizers  that  lead  to  its  production  (Mopper  and  Zika,  1987). 

The  continuous  decrease  in  hydrogen  peroxide  concentrations  with  depth  led  us  to 
investigate  whether  it  can  be  used  as  a  tracer  for  vertical  advection  near  the  surface.  The 
hydrogen  peroxide  concentration  in  vertically  displaced  bodies  of  water  should  differ 
from  that  of  the  surrounding  water.  These  anomalies  could  be  used  to  identify  episodic 
processes  that  transport  nutrients  into  the  euphotic  zone  (Klein  and  Coste,  1985).  The 
utility  of  this  chemical  as  a  tracer  of  verticd  transport  depends  on  its  rate  of  in  situ 
formation  and  decomposition. 

We  measured  the  vertical  distribution  of  hydrogen  peroxide  at  a  series  of  stations  in 
the  western  Mediterranean  Sea.  A  strong  salinity  and  density  front  exists  in  this  region 
between  Mediterranean  Surface  Water  (MSW)  and  the  Modified  Atlantic  Water  (MAW) 
that  flows  into  the  western  Mediterranean  Sea  through  the  Straits  of  Gibraltar  (Cheney 
and  Doblar,  1982;  LaViolette,  1987).  A  sharp  frontal  boundary  was  maintained  from 
2‘W  to  3°E  during  our  study  (Lohrenz  et  al.,  1988;  Arnone  et  al.,  1988;  Fig.  1).  The 
density  structure  of  this  frontal  system  is  somewhat  similar  to  that  formed  by  western 
boundary  currents  such  as  the  Gulf  Stream.  However,  in  contrast  to  western  boundary 
current  systems,  the  density  difference  across  the  Mediterranean  front  is  the  result  of  a 
strong  salinity  gradient.  The  MSW  is  characterized  by  salinities  >37.5,  while  the  MAW 
has  a  salinity  of  36.5.  The  temperature  contrast  across  the  front  was  small  (<0.5°C)  at  the 
time  of  our  study. 

Our  measurements  have  been  used  to  examine  the  processes  that  produce  hydrogen 
peroxide  in  the  ocean  and  to  determine  the  feasibility  of  using  it  as  a  tracer  of  vertical 
motions  in  the  upper  ocean.  We  selected  a  frontal  system  for  this  study  because  they  are 


Fig.  1.  Sutioii  locatioiii  in  the  wetteni  Meditemnean  Sea  during  May  1966.  Stationt  where 
complete  hydrogen  perabde  profiiea  were  meaiured  are  circted.  Stippled  area  thows  the  location 
of  the  front  in  this  region,  iriiicfa  was  defined  by  large  horiao^  salinity  gradients. 
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characterized  by  relatively  high  vertical  velocities  (Pinoree  et  al. ,  1974;  Bowman  and 
Esaias,  1978). 


METHODS 

Measurements  of  hydrogen  peroxide  were  carried  out  from  2  May  to  21  May  1986  at  17 
stations  (Fig.  1).  Stations  were  arranged  in  a  series  of  lines  across  the  frontal  system  in 
the  study  area.  Water  samples  were  coUected  at  depths  from  1  to  100  m  with  a 
submersible  pumping  system  (Lohrenz  et  al.,  1988).  A  NeU  Brown  Mark  III  CTD  was 
used  to  determine  conductivity,  temperature  and  depth  at  the  pump  inlet.  In  vivo 
chlorophyU  fluorescence  was  determined  simultaneously  with  a  SeaMarTech  Model  6000 
fluorometer  on  the  CTD  package.  The  temperature,  salinity  (practical  salinity  units, 
PSU)  and  fluorescence  structure  were  determined  on  each  down  cast.  The  pump  and 
CTD  were  then  raised  in  5-10  m  depth  increments  and  held  at  each  depth  for  a  period  of 
time  sufficient  to  flush  the  pumping  system  and  obtain  one  or  more  samples.  The 
sampling  depths  (15-17  per  cast)  were  selected  to  maximize  our  vertical  resolution  in  the 
vicinity  of  the  subsurface  chlorophyll  fluorescence  maximum. 

Hydrogen  peroxide  concentrations  were  measured  automatically  in  the  pump  effluent 
every  4  min  by  flow  injection  analysis  with  photometric  detection  (Johnson  et  al. ,  1988). 
The  colored  condensation  product  of  A^-ethyl-A/-(sulfopropyl)aniline  and  4-aminoanti- 
pyrene  formed  in  the  presence  of  hydrogen  peroxide  and  peroxidase  was  used  to 
determine  the  hydrogen  peroxide  concentration.  The  detection  limit  was  12  nmol  r*, 
which  corresponded  to  three  standard  deviations  of  the  blank.  By  comparing  the 
concentrations  determined  in  the  pump  effluent  with  the  concentration  in  bucket  samples 
coUected  next  to  the  pump  intake  at  the  surface,  the  pumping  system  was  demonstrated 
not  to  contaminate  the  hydrogen  peroxide  samples  (Johnson  et  al.,  1988). 

In  addition,  nitrate  and  siUcate  were  determined  in  the  pump  effluent  by  flow  injection 
analysis  at  1  min  time  intervals  (Johnson  et  al.,  1985).  One  liter  samples  were  coUected 
for  chlorophyU  determinations,  ffltered  on  Whatman  GF/F  filters,  extracted  with  acetone 
for  24  h  at  -IS’C,  and  analysed  at  sea  (Lohrenz  et  al.,  1988).  '^C-derived  primary 
production  was  determined  near  the  surface,  at  the  fluorescence  maximum  and  at  an 
intermediate  depth  at  each  dayUght  station  (Lohrenz  et  al.,  1988).  Light  profiles  were 
measured  at  each  dayUght  station  on  a  separate  cast  using  a  spectral  radiometer  (Arnone 
et  al. ,  1986).  Incident  solar  radiation  was  measured  continuously  throughout  the  cruise 
with  an  Eppley  pyroheUometer. 

Hydrogen  peroxide  production  and  decay  rates  were  determined  by  incubating 
seawater  samples  from  the  surface  and  from  250  m.  Surface  samples  were  coUected 
immediately  Iwfore  the  experiment  began.  The  deep  seawater  was  stored  in  the  dark  at 
room  temperature  for  9  days  before  the  experiment  began.  Samples  were  placed  in  clear, 
500  ml  polycarbonate  bottles  and  incubated  under  natural  sunUght  at  15^  in  the  same 
apparatus  used  for  primary  production  measurements  (Lohrenz  et  al.,  1988).  Blue 
polycarbonate  sheets  (AcryUte  625-5)  were  used  to  attenuate  the  light  levels  in  one 
incubator  to  near  thoM  observed  at  30  m.  Light  attenuation  in  this  incubator  was 
determined  with  a  cosine  corrected  PAR  light  meter  (Biospheiical,  QCP  200L).  In 
addition,  a  surface  sample  was  placed  in  the  incubator  in  a  polycarbonate  bottle  covered 
with  black  tape  as  a  dark  control.  The  contents  of  the  bottles  were  analysed  periodicaUy 
for  hydrogen  peroxide  as  described  above. 
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RESULTS  AND  DISCUSSION 

We  shall  consider  first  the  processes  Aat  control  the  hydrogen  peroxide  distributions  at 
stations  near  the  ends  of  the  station  lines  where  the  front  is  weak  or  absent.  We  will  then 
examine  the  hydrogen  peroxide  distributions  within  the  frontal  zone  itself. 

Hydrogen  peroxide  away  from  dte  frontal  zone 

The  concentrations  of  hydrogen  peroxide  measured  in  the  western  Mediterranean  Sea 
at  a  series  of  stations  away  from  the  frontal  boundary  agreed  reasonably  well  with  the 
values  measured  by  Zka  et  al.  (198Sa)  in  oligotrophic  waters  of  the  Gulf  of  Mexico 
(Fig.  2).  Although  our  knowledge  of  the  oceanic  chemistry  of  hydrogen  peroxide  is 
limited,  we  would  expect  a  rough  correspondence  in  waters  with  similar  optical 
properties.  As  expected,  the  concentrations  decay  with  depth.  An  exponential  function 

In  H2O2  (nmol  T*)  «  4.707  -  0.015  x  Z  (m).  -  0.%  (1) 

was  fitted  to  the  profiles  in  Rg.  2  by  least-squares. 

The  difiuse  attenuation  coefficient  of  light  at  480  nm,  determined  from  exponential  fits 
to  the  light  profiles  measured  at  the  stations  occupied  during  daylight,  ranged  from  -0.04 
in  the  MSW  to  -0.10  m~^  in  the  MAW.  The  light  intensity  at  these  stations  decreased 
much  more  rapidly  than  did  the  hydrogen  peroxide  concentration  (Fig.  2).  The  slower 
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Ft|.  2.  Hydro|enpero^deooBo»tntk)apTa(Ue»v>de|RhmeamredatStM27,28,  uidBl-SS. 
Thm  lUtioBs  are  Iraied  away  ftoB  the  milueiioe  of  the  frontal  re|ioo.  Each  profile  ooniittt  of 
17  data  point! ,  each  of  which  is  osualiy  the  average  of  two  or  more  neasurements.  Individual 
paints  are  not  shown  (or  ciaiity.  The  profile  aaeasared  hy  Tjxa  0  al.  (19fi5a)  at  Sta.  1'  in 
ohgotrophic  waten  of  the  Gulf  of  Meaioo  is  shown  for  oomparisoa.  The  dasM  line  is  the  ratio  of 
the  hght  intensity  at  depth  to  tbe  sur&ce  intensity,  expressed  as  a  percentage,  (or  a  diffuse 
attenuation  ooeflkient  of  -0.07  m"'.  This  was  a  typical  value  for  the  area. 
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decline  of  the  concentration  with  depth,  as  compared  to  light,  could  have  been  the  result 
of  three  factors:  (1)  Biological  production  of  hydrogen  peroxide  in  the  subsurface 
chlorophyll  maximum  may  have  contributed  to  the  relatively  slow  decay  of  the  concen¬ 
trations  with  depth  (Palenk  et  al.,  1987;  Zepp  et  al.,  1987).  (2)  Verti^  mixing  could 
have  transported  hydrogen  peroxide  down  below  the  depth  at  which  it  was  produced, 
resulting  in  a  slower  decrease  with  depth  than  that  of  light  (Plane  et  al.,  1987).  (3) 
Production  may  not  have  been  a  linear  function  of  light  intensity.  For  example,  the 
concentration  of  dissolved  organic  compounds,  which  are  required  for  hydrogen  perox¬ 
ide  production  (Petasne  and  Zka,  1987;  Mopper  and  Zka,  1987),  may  have  increased 
with  depth.  We  will  consider  the  importance  of  these  factors  in  the  ensuing  discussion. 

A  direct  link  between  biological  activity  and  hydrogen  peroxide  in  the  ocean  has  not 
been  demonstrated  (Zoca  et  al.,  198Sa,  b;  Cooper  et  a/.,  1987),  although  hydrogen 
peroxide  production  occurs  in  laboratory  cultures  of  some  phytoplankton  (Palenk  et  al. , 
1987;  Zepp  et  al. ,  1987).  We  examined  our  data  for  a  relationship  between  various  indices 
of  biological  activity  and  hydrogen  peroxide.  A  subsurface  cUorophyll  maximum  was 
present  between  25  and  80  m  at  all  the  stations  (e.g.  Fig.  3).  Carton  fixation  rates 
(mg  C  m~^  (T*)  were  2-10  times  higher  in  samples  tom  this  subsurface  maximum  layer 
than  at  the  surface  (Lohrenz  et  al. ,  1988).  There  appeared  to  be  no  consistent  evidence 
for  elevated  levels  of  hydrogen  peroxide  in  the  subsurface  chlorophyll  maximum.  To 
quantify  the  data,  we  pooled  the  hydrogen  peroxide  concentrations  measured  in  each 
10  m  depth  increment  at  all  stations  into  two  groups:  those  tom  a  dilorophyll  maximum 
and  those  tom  outside  the  maximum.  There  were  no  statistical  differences  (r-test) 
between  the  mean  hydrogen  peroxide  concentrations  measured  in  the  chlorophyU 
maximum  and  those  measured  outside  of  it  (Table  1).  Detectable  hydrogen  peroxide 
anomalies  were  not  present  in  the  subsurface  chlorophyll  maximum  layer. 

(0)  (b) 

chlorophyll  <»g/«i3>  TEMPERATURE  C 

0 _ 1 _ 2  10 _ 20 

HYDROGEN  PEROXIDE  (nM)  '  SALINITY 


F|f .  3.  ProAIca  of  tea^eranire  and  laliahy  (a)  and  bydrofen  peroxide  and  chlorophyll  (b) 
■eanred  at  Su.  34  (37M8.31N,  00(PS9.94E,  19  May  1986). 
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Table  1.  Comparison  of  hydrogen  peroxide  eoncemradons  measured  in  seawater  from  the  deep  chlorophyll 
maximum  and  in  seawater  without  devoted  chlorophyll  conceniradons.  Samples  were  defined  as  coming  from  the 
chlorophyll  maximum  layer  tfdudilorophyll  concentration  was  greaur  than  2S%  of  the  maxitrutm  concentration 

on  that  profile 

Depth  range 
(m) 

Hydrogea  peroxide  (nmol  T*) 

CU.  Max. 

Badeground 

Mean 

S.D. 

S 

Mean 

S.D. 

N 

20-29 

75 

12 

8 

77 

10 

15 

30-39 

69 

14 

15 

69 

6 

10 

40-49 

53 

13 

IS 

62 

10 

13 

50-59 

46 

18 

IS 

55 

14 

12 

60-69 

44 

9 

18 

36 

12 

9 

70-79 

37 

9 

13 

38 

7 

11 

80-89 

28 

5 

4 

32 

12 

11 

There  was  a  link  between  rates  of  primary  production  and  the  concentration  of 
hydrogen  peroxide  near  the  surface  (Rg.  4).  The  correlation  between  the  hydrogen 
peroxide  concentration  and  the  carbon  fixation  rate  for  the  samples  from  the  upper  10  m 
is  significant  (P  <  0.01)  when  Sta.  41  is  excluded.  In  contrast  to  the  situation  at  the 
surface,  the  correlation  between  the  hydrogen  peroxide  and  carbon  fixation  is  not 
significant  for  samples  from  45  to  55  m  (Fig.  4).  We  believe  that  there  is  sufficient  reason 
for  excluding  the  Sta.  41  data  from  the  regression  of  the  near-surface  data.  There  can  be 
a  significant  correlation  between  the  concentration  of  hydrogen  peroxide  and  the  rate  of 
carbon  fixation  only  if  the  effects  of  primary  production  on  chemical  distributions  are 
integrated  over  a  sufficiently  long  time.  There  is  evidence,  discussed  below,  that  the 
relatively  high  carbon  fixation  rate  at  Sta.  41  was  a  transient  response  to  a  pulse  of  high 
nutrient  water  into  the  euphoric  zone  that  had  occurred  recently.  There  may  not  have 
been  enou^  rime  to  afreet  the  hydrogen  peroxide  distribution.  The  hydrographic  data 
from  Sta.  41  were  also  anomalous  compared  to  the  other  stations  shown  in  Fig.  4.  For 
example,  Sta.  41  had  the  lowest  surface  salinity  (36.47)  encountered  on  the  cruise.  The 


Fig.  4.  Hydrogea  peroxide  ooooeotrttioiie  aeamred  at  depths  between  S  wd  10  m  (a)  and 
between  45  and  55  m  (b)  w  the  primary  prodiictioa  rate  meanired  in  the  aame  samples,  rite 
number  indicates  the  sution  srhm  die  measurements  were  obtained,  rite  line  through  the 
surfMe  data  HjOj  -  664-8SXPP,  Jt  -  0.76  was  fitted  by  least-squares  after  the 

point  at  Su.  41. 
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surface  salinities  at  the  other  stations  used  in  Fig.  4  were  greater  than  37.0,  with  one 
exception  (36.77  at  Sta.  29).  The  water  at  Sta.  41  had  a  much  higher  percentage  of  MAW 
than  at  any  of  the  other  stations. 

The  strong  correlation  between  hydrogen  peroxide  and  primary  productivity  that 
existed  only  near  the  surface  implies  that  both  high  light  and  high  carbon  fixation  rates 
are  required  to  increase  hydrogen  peroxide  concentrations.  Apparently,  either  phyto¬ 
plankton  release  organic  carbon  compounds  that  are  photochemically  reactive  or  meta¬ 
bolism  at  high  light  levels  leads  to  biological  hydrogen  peroxide  production.  Riboflavin  is 
one  possible  precursor  compound  that  mi^t  be  responsible  for  elevated  hydrogen 
peroxide  concentrations.  It  is  photochemically  reactive,  producing  approximately 
10  nmol  r*  H2O2  for  every  1  nmol  F’  added  to  seawater  (Mopper  and  Zka,  1987).  A 
number  of  marine  organisms  produce  and  excrete  riboflavin,  and  it  has  been  found  in 
seawater  (Dunlap  and  Susie,  1985;  Mopper  and  Zdca,  1987).  Alternatively,  hydrogen 
peroxide  may  be  produced  directly  by  organisms.  Extracellular  production  of  hydrogen 
peroxide  by  the  marine  phytoplankter  Hymenomonas  carterae  has  been  demonstrated  in 
the  absence  of  light  (Palenik  et  al.,  19^).  Rates  of  production  extrapolated  from  the 
laboratory  to  the  field  could  be  as  high  as  1-2  nmol  F*  h~*. 

However,  mechanisms  involving  production  in  the  dark  do  not  explain  fully  the  linkage 
between  hydrogen  peroxide  concentrations  and  carbon  fixation  rates  that  occur  only  at 
the  surface.  The  photorespiration  cycle  of  phytoplankton  involves  hydrogen  peroxide 
production  during  glycolate  oxidation  (Lehnincer,  1970) 

CH2OHCOOH  +  O2  CHOCOOH  4-  H2O2. 

The  rate  of  photorespiration  increases  at  high  light  intensities,  where  it  may  function  to 
dissipate  excess  light  energy  (Harris,  1979),  although  the  exact  role  is  not  clear  (Ogren, 
1984).  This  cycle  could  explain  the  linkage  between  primary  production,  light  and 
hydrogen  peroxide.  However,  there  is  no  proof  of  a  direct  linkage  between  photo¬ 
respiration  and  extracellular  hydrogen  peroxide. 

Vertical  transport  may  be  an  important  factor  in  controlling  the  shape  of  the  hydrogen 
peroxide  concentration  profiles  (Plane  et  al.,  1987).  We  estimated  vertical  hydrogen 
peroxide  transport  with  a  simple  diffusion-reaction  model.  At  steady  state,  there  is  a 
balance  between  the  rate  of  removal  due  to  diffusive  transport  and  the  in  situ  reaction 
rate 

dH202/d/  =  0  =  X,  -  R.  (2) 

is  the  eddy  diffusion  coefficient  and  R  is  the  net  in  situ  reaction  term  for  both 
production  and  decay  reactions.  We  calculated  d^HzOz/dZ^  to  be  0.023  nmol  F‘  m"^  at 
5  m  using  equation  (1).  There  is  considerable  uncertainty  regarding  the  magnitude  of  the 
eddy  diffusion  coefficient  in  the  surface  ocean.  Using  measurements  of  turbulent  energy 
dissipation  and  stratification  for  a  variety  of  surface  ocean  environments,  Denman  and 
Garcett  (1983)  estimated  Kj  from  0.3  to  700  m^  (F'  with  the  larger  values  acquired 
during  high  winds.  If  a  relatively  large  eddy  diffusion  coefficient  of  90  m^  (F*  is  assumed 
for  Mediterranean  surface  waters,  then  the  rate  of  change  in  hydrogen  peroxide 
concentration  due  to  eddy  diffusion  was  1.9  nmol  F‘  (F*  at  5  m.  The  effects  of  diffusion 
would  have  to  be  integrated  over  several  weeks  to  affect  the  hydrogen  peroxide  profile. 
However,  eddy  diffusion  models  may  not  accurately  characterize  turbulent  mixing  and 
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transport  in  the  upper  ocean.  Plane  et  al.  (1987)  have  shown  that  convective  overturn, 
caus^  by  noctum^  cooling,  can  transport  significant  amounts  of  hydrogen  peroxide  to 
depth.  Klein  and  Coste  (1985)  suggest  that  unsteady  forcing  by  winds  also  may  result  in 
si^iificant  vertical  advective  transport  of  chemicals.  Clearly,  further  work  needs  to  be 
done  to  characterize  chemical  transport  in  the  upper  ocean. 

The  photochemical  production  of  hydrogen  peroxide  in  Mediterranean  Sea  water  was 
observed  (Fig.  S)  by  performing  an  incubation  experiment  with  seawater  collected  at  the 
surface  (Sta.  19)  and  at  a  depth  of  250  m  (Sta.  1).  Hydrogen  peroxide  concentrations  in 
the  incubated  samples  were  linearly  related  to  the  solar  flux  measured  with  the 
pyroheliometer,  within  the  precision  of  our  data,  and  there  was  no  difference  between 
production  rates  in  surface  and  deep  samples  (Fig.  6).  The  mean  rate  of  increase  was 
9  nmol  h~^  averaged  over  the  daylight  period.  These  results  should  be  considered 
preliminary  for  several  reasons.  The  incubator  blocked  a  significant  amount  of  ultra 
violet  light,  which  may  have  resulted  in  low  production  rates.  There  also  may  have  been 
container  effects,  such  as  trace  metal  or  organic  contamination,  which  would  bias  the 
results. 

Hydrogen  peroxide  began  to  decay  at  an  average  rate  of  7.2  ±  0.6  nmol  T*  h~' 
(1  S.D.)  shortly  after  sunset  in  the  three  samples  that  reached  concentrations  greater 
than  100  nmol  The  concentrations  in  the  fourth  sample  fluctuated  near  the  detection 
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Fig.  3.  Reraltf  of  the  leawater  mcubatioa  experiment,  (a)  TV  inddent  eolar  ndiatkM 
throughout  the  day.  (b)  Hie  hydrogen  peroxide  oonoentratioiis  meaiured  over  the  ooune  of  the 
day  in  tamplet  of  nirfaoe  and  de^  leawater  inoibated  at  96  and  20%  of  the  nirface  light 

inteniity. 
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Hg.  6.  Hydrogen  peroxide  ooncentrationt  nteatuied  duiing  daylight  houn  in  incubated 
lamplet  vc  roliir  flux  eatimated  in  each  incubator.  Symbols  are  the  tame  as  in  Fig.  5.  The 
oonoentratioiit  in  the  surface  samples  were  reduced  by  153  nmol  T’  to  comet  for  the  initial 
concentration  of  hydrogen  peroxide.  The  solid  line  through  the  data  H2O2  -  -1  -f  1.29  x  tolar 
flux,  R  -  O.M  was  fitted  by  least-squares  to  the  data  in  the  figure. 


limit.  The  concentration  in  the  dark  control  bottle  decrea.<ied  continuously  at  a  rate  of 
3.8  nmol  T*  over  the  24  h  experiment.  Plane  et  al.  (1987)  refer  to  a  hydrogen 
peroxide  “dark  decay  life-time"  of  hours  to  weeks  in  the  ocean,  and  use  a  value  of  4  days 
as  average.  The  initial  concentrations  in  surface  water  samples  (90-150  nmol  T*)  would 
have  reached  zero  after  23-39  h  if  they  decayed  linearly  at  the  same  rate  (3.8  nmol  T’  h~*) 
observed  in  the  dark  control.  If  the  concentration  d^y  were  exponential,  then  even 
longer  times  would  have  been  required  to  reach  zero  concentration.  The  dark  decay  rate 
in  the  surface  samples  was  greater  than  the  production  rate  during  the  late  afternoon  and 
evening.  However,  the  concentration  did  not  begin  to  decrease  in  any  of  the  samples 
until  sunset.  Similar  results  were  obtained  in  the  model  simulations  by  Plane  et  al. 
(1987).  It  is  interesting  to  note  that  the  concentrations  returned  to  near  their  starting 
values  over  a  24  h  light  cycle.  Apparently,  the  hydrogen  peroxide  concentration  was  in  a 
steady  state. 

These  limited  results  support  the  view  that  hydrogen  peroxide  production  is  lineariy 
related  to  light  intensity  and  that  it  is  produced  at  the  same  rate  in  surface  and  deep  water 
samples.  A  dramatic  increase  in  the  rate  of  hydrogen  peroxide  production  in  deep  water, 
therefore,  probably  does  not  e:q>lain  the  differences  in  the  vertical  distributions  of  light 
and  hydrogen  peroxide  concentrations  (e.g.  Fig.  2). 

Hydrogen  peroxide  in  frontal  systems 

Hydrogen  peroxide  uppem  to  be  a  useful  tracer  of  vertical  advective  mixing  in  the 
Mediterranean.  We  have  not  identified  any  production  mechanism  that  could  create 
concentration  maxima  in  the  profiles  at  depths  below  20  or  30  m.  The  rates  of  production 
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and  decay  are  slow  enough  that  time  periods  of  several  hours  to  a  few  days  are  necessary 
for  the  concentration  to  come  to  a  steady-state  balance  between  reaction  and  vertical 
transport.  As  a  result,  the  hydrogen  peroxide  concentration  acts  as  a  recorder  of  a 
samples  recent  depth  history  in  the  photic  zone.  If  a  body  of  water  is  rapidly  displaced 
vertically,  then  its  hydrogen  peroxide  concentration  should  be  different  than  that  of  the 
surrounding  water.  The  magnitude  of  the  concentration  difference  will  depend  on  the 
vertical  distance  traveled  by  the  water  body,  and  on  the  amount  of  time  elap^  since  the 
displacement. 

Large  subsurface  maxima  and  minima  were  present  in  many  of  the  hydrogen  peroxide 
profiles  measured  within  the  frontal  system,  in  contrast  to  profiles  at  stations  away  from 
the  front.  For  example,  a  maximum  was  present  below  85  m  at  Sta.  41  and  a  minimum 
occurred  between  50  and  70  m  at  Sta.  43  (Fig.  7).  The  concentrations  in  these  depth 
ranges  were  significantly  different  (P  <  0.005,  Mest)  from  the  mean  of  the  values 
measured  at  the  same  depths  in  the  set  of  stations  away  from  the  front.  The  concentra¬ 
tions  measured  at  other  depths  at  Stas  41  and  43  were  similar  to  the  concentrations 
measured  away  from  the  front. 

The  large  concentration  anomalies  in  the  bands  (labeled  B  at  Sta.  41  and  band  A  at 
Sta.  43;  Fig.  7)  suggest  that  these  bands  of  water  had  undergone  recent,  rapid  vertical 
displacements.  To  study  this  question  further,  we  prepared  contoured  sections  of 
hydrogen  peroxide,  nitrate,  chlorophyll  and  density  for  the  line  through  Stas  41-43 
(Fig.  8).  This  line  of  stations  crossed  the  front  in  a  region  where  the  greatest  horizontal 
gradients  of  salinity  were  found.  The  contours  of  the  chemical  properties  clearly  show 
two  interleaving  bands  of  water  in  the  front  that  were  centered  on  ^e  anomalies  in  the 
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Fig.  7.  Hydrogen  peroxide  ooncentratioD  profiles  measured  at  Stas  41  (36*22. 32N,  001*2S.36W, 

21  May  1986, 0709  GMT)  and  43  (36’36.30N,  001*17.67W,  21  May  1986, 1305  GMT)  ate  shown 
superimposed  on  the  set  of  profiles  measured  away  from  the  influence  of  the  fiont. 
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STATION  NUMBER  STATION  NUMBER 

43  42  41  43  42  41 


hydrogen  peroxide  profiles.  For  example,  the  nitrate  concentrations  in  these  bands  were 
substantially  different  than  those  in  the  surrounding  water  at  the  same  depth  (Fig.  8). 
The  anomalies  in  nitrate  concentrations  were  consistent  with  the  trends  expected  if  these 
bands  had  been  displaced  vertically.  The  band  labeled  A  in  Fig.  7  had  low  hydrogen 
peroxide  and  high  nitrate  concentrations  relative  to  the  surrounding  water.  These 
differences  indicate  this  water  had  been  displaced  upward  shortly  before  sampling.  The 
water  in  band  B  (Fig.  7)  must  have  been  displaced  downward,  as  it  contained  elevated 
hydrogen  peroxide  concentrations  and  low  nitrate  concentrations.  The  hydrogen  perox¬ 
ide  contours  in  both  bands  are  parallel  to  those  of  density,  which  suggests  that  the  vertical 
displacements  occurred  along  isopycnal  surfaces. 

The  size  of  the  chemical  anomies  can  be  used  to  set  limits  on  the  distance  of  vertical 
displacement  and  the  time  elapsed  since  the  displacement  occurred.  For  example,  if  the 
hy^ogen  peroxide  concentration  decayed  in  situ  at  the  same  rate  that  we  observed  in  the 
incubation  experiment,  then  the  anomaly  in  band  B  would  have  disappeared  in  5-10 
houn.  The  hydrogen  peroxide  concentration  (67  nmol  T*)  in  band  B  at  100  m  was  not 
significantly  different  (r-test,  P  <  0.05)  from  the  concentrations  measured  at  depths 
between  15  and  60  m  in  the  set  of  stations  away  from  the  front.  The  source  of  the  water  in 
band  B  therefore  must  have  been  at  a  depth  less  than  60  m. 

The  presence  of  30%  more  chlorophyll  on  the  small  hydrogen  peroxide  anomaly 
(P  <  0.05,  r-test)  at  Sta.  41  (labeled  C  in  Fig.  7)  than  that  in  the  surrounding  water 
(Fig.  8)  suggests  that  this  upwelled  band  bad  been  in  place  long  enough  for  the  hydrogen 
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peroxide  concentration  to  increase  (by  photoproduction  or  vertical  transport)  and  the 
phytoplankton  to  respond  to  the  presence  of  high  nutrients  at  a  relatively  shallow  depth. 
Given  typical  plankton  doubling  times  of  one  per  day,  only  8  h  of  daylight  would  be 
required  for  the  observed  increase  in  chlorophyll  concentration.  In  fact,  the  upward 
pulse  of  nutrients  in  this  band  may  have  been  partially  responsible  for  the  high 
productivity  value  that  caused  this  station  to  deviate  from  the  primary  production- 
hydrogen  peroxide  relationship  found  at  other  stations  (Fig.  4). 

Maxima  and  minima  were  present  in  temperature,  salinity  and  nutrient  profiles  at  all 
of  the  frontal  stations.  However,  the  size  of  the  anomalies  in  the  hydrogen  peroxide 
profiles  diminished  and  finally  disappeared  from  west  to  east  in  the  frontal  stations 
(Fig.  9).  The  residence  time  of  water  in  the  up-  and  down-welled  masses  must  have 
increas^  to  the  east  along  the  front,  which  allowed  the  hydrogen  peroxide  to  approach 
equilibrium  with  the  surrounding  water.  The  surface  sal^ty  gradient  across  the  front 
also  weakened  from  west  to  east  (0.047  km~*  at  Stas  41-43, 0.016  km~*  at  Stas  36-38  and 
0.013  km~^  at  Stas  28-29).  The  decreasing  salinity  gradient  to  the  east  probably  resulted 
in  slower  vertical  velocities  and  small  hydrogen  peroxide  anomalies  as  it  is  the  salinity 
gradient  that  drives  the  frontal  circulation. 

CONCLUSIONS 

Our  measurements  have  shown  hydrogen  peroxide  concentrations  in  the  western 
Mediterranean  Sea  greater  than  100  nmol  T*.  The  decoupling  of  light  and  hydrogen 
peroxide  must  be  due  to  the  combination  of  vertical  transport  and  the  relatively  slow 
consumption  rate  (3-7  nmol  H  h~*).  However,  the  changes  in  hydrogen  peroxide 
concentration  calculated  from  eddy  diffusion  models  were  not  large  enough  to  transport 
significant  amounts  of  H202  to  depth.  Additional  mechanisms  of  transport,  peifraps 
based  on  advective  processes,  must  transport  hydrogen  peroxide  vertically  in  this  region. 

There  appeared  to  be  a  link  between  primary  production  and  the  hydrogen  peroxide 
concentration  at  the  surface.  This  link  may  have  been  due  to  the  presence  of  organic 
compounds  produced  during  photosynthesis  that  acted  as  photosensitizers  or  due  to  the 
direct  biological  production  of  hydrogen  peroxide.  Because  the  linkage  is  found  only  at 
the  surface,  it  cannot  explain  the  slower  decrease  in  concentration  with  depth,  as 
compared  to  light. 

Finally,  hydrogen  peroxide  ^ipears  to  have  considerable  potential  as  a  tracer  for 
vertical  motions  near  the  sea  surface.  The  anomalies  in  hydrogen  peroxide  concentra¬ 
tions  that  result  when  water  is  advected  vertically  can  be  used  to  determine  the  time 
elapsed  since  the  displacement  when  the  in  situ  reaction  rates  ate  known.  The  size  of  the 
anomalies  appears  to  be  directly  coupled  to  the  strength  of  the  frontal  circulation. 

Acknott4edgemeiUi—TI^  work  wai  nipported  by  ONR  Cootnct  N00014-t3-K-0740  to  KSJ  and  by  ONR 
Program  Ekment  611S3N,  throogh  the  NORDA  DefeiMe  Rneaith  Sdcaoea  Program. 
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